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ABSTRACT 
The  temperature-dependent  assembly  and  the  interaction  of  Acanthamoeba 
contractile proteins have been studied  in a crude extract. A  cold extract of soluble 
proteins from Acanthamoeba castellanii is prepared by homogenizing the cells in a 
sucrose-ATP-ethyleneglycol-bis-(/~-aminoethyl ether) N,N'-tetraacetic acid buffer 
and centrifuging at  136,000 g  for  1 h.  When  this  supernate of soluble proteins is 
warmed  to  room  temperature,  it  forms  a  solid  gel.  Upon  standing  at  room 
temperature,  the gel  slowly contracts  and  squeezes out  soluble components. The 
rates  of gelation  and  contraction  are  both  highly  temperature dependent,  with 
activation energies of about 20 kcal per mol. Gel formation is dependent upon the 
presence of ATP and Mg  § §  Low concentrations of Ca § § accelerate the contractile 
phase of this phenomenon. The major protein component of the gel is actin.  It is 
associated  with  myosin,  cofactor,  a  high  molecular  weight  protein  tentatively 
identified  as actin-binding  protein,  and  several other unidentified  proteins.  Actin 
has been purified from these gels and was found to be capable of forming a solid gel 
when polymerized in the presence of ATP,  MgClz, and KC1. The rate of purified 
actin  polymerization  is  very  temperature  dependent  and  is  accelerated  by  the 
addition  of  fragments  of  muscle  actin  filaments.  These  data  suggest  that 
Acanthamoeba contractile proteins have a dual role in the cell; they may generate 
the  forces  for  cellular  movements  and  also  act  as  cytoskeletal  elements  by 
controlling the consistency of the cytoplasm. 
The existence  of actin  and  myosin in  nonmuscle 
cells is now firmly established (see reference 37 for 
review). Studies of the enzymology, structure, and 
intracellular localization of these cytoplasmic con- 
tractile  proteins  suggest,  but  do  not  rigorously 
prove  that  they  generate  the  forces  for  some 
cellular movements. A more direct approach is to 
study movement itself in cell-free extracts, which 
are directly accessible  to experimental manipula- 
tion.  In  this  paper the  latter  method  is  used  to 
investigate  some  of the  cytoskeletal  and  motile 
properties  of the  contractile  proteins  in  a  crude 
extract of Acanthamoeba. 
There  are  relatively  few  published  studies 
wherein the mechanism of cellular movements has 
been examined in cell-free  extracts, but they have 
yielded  much valuable information. Allen et al. (2) 
discovered that cytoplasm dissociated from Chaos 
retains the ability to stream and contract, proving 
that the force for cellular movement is generated in 
the cytoplasm. Thompson and Wolpert (47) subse- 
quently  showed  that  a  crude extract  of Amoeba 
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temperature in the  presence of ATP.  Movement 
was  inhibited in the  cold.  High-speed centrifugal 
fractionation  of  the  extract  yielded  a  pellet  of 
particulate  material  and  a  supernate  of  soluble 
components.  Neither  fraction  alone was  motile, 
but the recombined fractions moved again (50).  In 
a later study, Pollard and Ito (32) found that there 
is a large increase in the viscosity of cold Amoeba 
proteus  extracts  when they  are  warmed to  room 
temperature. This consistency change was  attrib- 
uted to the temperature-dependent polymerization 
of  thin  filaments,  later  identified as  actin  (33), 
from  soluble  precursors.  The  cell  extracts  also 
contain thick filaments with some morphological 
features similar to myosin filaments. Since centrif- 
ugal  fractionation of  the  extract  distributes the 
soluble  actin  filament  precursors  and  the  thick 
filaments into the nonmotile supernate and pellet 
fractions, respectively, Pollard and  lto  suggested 
that  both  actin  filaments  and  myosin-like fila- 
ments  might  be  necessary  for  movement  in 
Amoeba  proteus. 
A  somewhat  different approach  was  taken  by 
Taylor  et  al.  (46),  who  devised  methods  for 
studying the properties of cytoplasm released from 
single Chaos cells. They found that the cytoplasm 
was  viscoelastic and  that  its  physical  properties 
and  movement could  be  manipulated by  simple 
alterations in the Ca  ++ and ATP concentrations of 
the surrounding buffer. Calcium-dependent move- 
ment of the isolated cytoplasm had a threshold of 7 
￿  10 -~ M. Their results suggested that the associa- 
tion and dissociation of a cytoplasmic actomyosin 
system  could  influence  the  consistency  of  the 
cytoplasm. 
The  strength  of  this  work  on  movement  of 
isolated cytoplasm was that movement itself was 
examined, rather than some  indirect measure of 
contractile protein function such as ATPase activ- 
ity. Unfortunately, there are also inherent limita- 
tions in the studies. First, all of the work was done 
on giant carnivorous amoebae which  are difficult 
to  grow  in  very  large  quantities; consequently, 
little biochemical information has been available 
about their contractile proteins. Second, most of 
the observations were made by microscope exami- 
nation, so  that  they  were  largely qualitative and 
vulnerable to some subjectivity. To overcome these 
limitations, it was desirable to develop a cell-free 
system of motility that would be more quantitative 
and amenable to biochemical analysis. 
Two general approaches  were  available: (a) to 
combine purified contractile proteins under condi- 
tions where they would form threads which would 
contract or suspensions which would superprecipi- 
tate upon the addition of ATP (45); or (b) to adapt 
the crude,  motile extract  approach to a  cell type 
which  could  be  obtained  in  large  amounts  and 
whose contractile proteins had already been stud- 
ied. The first approach has been widely used in the 
study of muscle actomyosin and has been adapted 
to  demonstrate  the  contractile activity of crude 
actomyosin  from  a  number  of  cells,  including 
platelets  and  Physarum  (5,  6).  The  second  ap- 
proach is used in the present study to examine the 
assembly and activity of the contractile apparatus 
of  the  small  soil  amoeba,  Acanthamoeba 
castellanii. 
Acanthamoeba  was  chosen  for  this  work  be- 
cause it can be grown in unlimited quantities and 
several of its contractile proteins, actin, myosin, 
and  cofactor,  have  been  partially  characterized 
(34,  35, 48, 49). The rationale for working with a 
crude extract rather than the purified proteins was 
that  extracts  might  contain  components of  the 
motile mechanism which had not been identified in 
previous  biochemical studies.  This  proved  to  be 
true.  The design of the  present experiments was 
strongly influenced by Kane's discovery that actin 
in sea  urchin egg extracts forms a solid gel when 
warmed  to  37~  (21).  The  phenomenon he  ob- 
served  was  reminiscent  of  the  behavior  of  the 
motile extracts of Amoeba proteus and suggested a 
way of scaling up the motile extract approach for 
quantitative analysis. 
Preliminary studies with Acanthamoeba (28, 29) 
showed  that the contractile proteins are extracted 
from the cells by cold sucrose solutions and that 
they  are  components of a  solid gel which  forms 
after the extract is warmed to room temperature. 
Since the  gel  contracts and squeezes  out soluble 
components, it appeared to be an attractive model 
system  to  study  the  activity  of  the  contractile 
proteins  in  some  detail.  In  the  present  work,  a 
turbimetric assay  has  revealed  that  the  rates  of 
gelation  and  contraction  are  very  temperature 
dependent  and  that  minute changes  in  the  free 
calcium concentration regulate contraction. Isola- 
tion  and  fractionation of the  contracted  gel  has 
yielded  information  on  the  components  of  the 
motile apparatus. This general approach is likely 
to  be useful for studying the contractile proteins 
of many cells.  Stossel and  Hartwig (42),  for ex- 
ample,  have  recently applied this  approach  suc- 
cessfully to analyze the interactions of actin, myo- 
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macrophages. 
MATERIALS  AND  METHODS 
Materials 
Reagent  grade  chemicals  were  obtained  from  the 
following  sources:  sucrose  (Mallinckrodt  Chemical 
Works,  St.  Louis,  Mo.);  imidazole (grade  Ill), dithio- 
threitol,  ATP,  ethyleneglycol-bis(•-aminoethyl  ether) 
N,N'-tetraacetic  acid  (EGTA), 1 cacodylic acid  (Sigma 
Chemical  Co.,  St.  Louis,  Mo.);  glutaraldehyde  (Taab 
Laboratories, Emmet Green, Reading, England), Sepba- 
dex  G-25  fine and  G-150 (Pharmacia  Fine Chemicals, 
Inc.,  Piscataway,  N.J.);  4%  agarose  beads  (Biogel  A 
15M, 200-400 mesh; Bio-Rad Laboratories, Richmond, 
Calif.).  Distilled water was deionized with a  Barnstead 
mixed bed deionizer (Barnstead Co., Boston, Mass.). 
Methods 
PREPARATION  OF  ACANTHAMOEBA  EX- 
TRACTS:  Acanthamoeba castellanii (Neff strain) was 
grown  in Fernbach flasks or in  15 liter carboys at 29- 
30~  as  described  previously  (34)  and  harvested  by 
centrifugation. After two washes in 10-20 vol of ice-cold 
0.1  M  NaCI,  the  pelleted  cells were  stored on  ice  for 
30-60 rain. The cells were then homogenized in 2 vol of 
ice-cold  solution of 0.34  M  sucrose,  10 mM  imidazole 
chloride pH 7.0,  1 mM ATP,  1 mM  EGTA, and 1 mM 
dithiothreitol  (DTT)  with  six  strokes  of  a  Dounce 
homogenizer with a tight fitting pestle (Kontes glassware 
from  Kontes  Glass Co.,  Vineland, N.J.).  Sucrose  was 
used to solubilize the contractile proteins while minimiz- 
ing the rupture of lysosomes and phagosomes (43),  The 
homogenate was then centrifuged for l h at 35,000 rpm in 
a Spinco 42.1  rotor (Beckman Instruments Inc., Spinco 
Div.,  Paid Alto, Calif.) (maximum force of  136,000 g) 
with the temperature control set at 1  ~  The temperature 
during the run varied between 2 ~176  At the completion 
of centrifugation the floating lipid fraction was carefully 
removed  and  discarded  before  pipetting  off the  clear 
supernate  over the turbid microsomal fraction and the 
pellet. This supernate will be referred to as "the extract" 
in this paper. In all of these steps care was taken to keep 
the preparation as cold as possible to avoid Relation of 
the  extract  daring  the  initial centrifugation.  To  avoid 
bubble formation when samples of extract were used for 
turbidity  measurements,  either the  homogenate or  the 
extract  were  degassed  for  10-20  min  in  a  bell jar  at 
3~176  using the vacuum produced by a water pump. 
Abbreviations used in this paper." DTT, dithiothreitol; 
EGTA,  ethyleneglycol-bis-(B-aminoethyl  ether)  N, 
N'-tetraacetic acid, a chelator of calcium; SDS, sodium 
dodecyl sulfate; and TPCK trypsin, trypsin treated with 
L-(1-Tosylamido-2-phenyl) ethyl chloromethyl ketone to 
inhibit contaminant chymotryptic activity. 
PREPARATION  OF  RABBIT  SKELETAL  MUS- 
CLE  PROTEINS;  Actin was  prepared  by a  modifica- 
tion of the method of Spudich and Watt (39) with a single 
cycle of polymerization and sedimentation from 0.8  M 
KCl.  Heavy  meromyosin  was  formed  by digestion  of 
myosin  with  trypsin  treated  with  L-(l-Tosylamido-2- 
phenyl)ethyl  chloromethyl  ketone  (TPCK-trypsin)  ac- 
cording to Woodrum et al. (51). Tropomyosin was puri- 
fied according to Bailey (4) except that only one cycle of 
ammonium sulfate precipitation was done. 
BIOCHEMICAL  METHODS:  Protein  concentra- 
tion of crude fractions was estimated using the method of 
Hartree (17) with bovine serum albumin as a standard. 
The concentration of purified fractions was measured by 
spectrophotometry with the following extinction coeffi- 
1%  cients:  actin,  Etsenm  =  10.9  (38);  heavy meromyosin, 
z%  E~son=  =  6.0  (52);  and  tropomyosin,  E28*nm  =  3.0 
(18).  ATPase  activity was  measured  by assaying inor- 
ganic phosphate release (34). 
Polyacrylamide gel electrophoresis in sodium dodecyl 
sulfate (SDS) was carried out on 5-ram diameter cylin- 
drical gels, using 25 mm Tris-glycine buffer pH 8.3 (40). 
Samples were boiled for I min in 1% SDS, 1% 2-mercap- 
toethanol, 2.5  mm  Tris-glycine.  The  gels were  stained 
with Coomassie Brilliant Blue R (15) and densitometered 
at  550 nm  with a  Gilford  spectrophotometer  (Gilford 
Instrument Laboratories, Inc., Oberlin, Ohio). 
Viscosity was measured with Cannon-Manning semi- 
micro  viscometers containing a  sample  of 0.6  ml  with 
outflow times for buffer of 28  31  s at 24~ 
Turbidity  changes were  measured  by absorbance at 
330 nm, 340 nm, or 360 nm, using a Gilford spectropho- 
tometer  fitted  with  a  temperature-controlled  sample 
chamber. The temperature of the samples was monitored 
using  a  Yellow  Springs  Instrument  telethermometer 
(Yellow Springs Instrument Co., Yellow Springs, Ohio) 
with a Teflon-coated probe placed directly in the sample 
cuvette or in a  blank cuvette in the position adjacent to 
the sample. DNA was estimated by the method of Burton 
(9) after perchloric acid extraction. 
MICROSCOPY:  Electron  micrographs  were  made 
with Siemens Elmiskop IA or 101 microscopes. Samples 
were prepared by negative staining with 1% uranyl ace- 
tate (51) or by fixation at room temperature overnight 
with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 
7.2,  followed by washing with 0.1  M  cacodylate buffer, 
treatment with  I% OsO4  in 0.1  M  cacodylate at room 
temperature for 1 h,  I% uranyl acetate in water for 1 h, 
dehydration in a series of ethanol solutions, and embed- 
ding  in  Epon.  Thin  sections  were  stained  with  uranyl 
acetate and lead citrate. 
RESULTS 
Gelation of Extracts 
GENERAL  DESCRIPTION:  When  the 
Acanthamoeba extract is warmed to room temper- 
ature without stirring, it forms a  solid gel (Fig.  1). 
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Acanthamoeba extract. The sample on the left has gelled 
after  25  min  at  25~  The  contracted  sample  in  the 
middle  was  warmed  to  25~  for 6 h.  After solidifying 
during the first  20 min, the gel contracted slowly in all 
directions to  form  a  small,  opaque  mass  suspended  in 
expressed  fluid. The sample on the right contained 40 t~M 
added  CaCI~. As shown  in Fig. 9, CaCI2 causes  a rapid 
opacification of the gelled  extract  and  in  this case the 
opaque gel fragments settled to the bottom of the cuvette. 
Even  beakers  containing  over  150  ml  of  gelled 
extract  can  be  inverted  without  spilling.  Frozen 
extract,  when  it  is  thawed  and  warmed  to  room 
temperature,  forms  a  gel  in  approximately  the 
same  time  as  fresh  extract.  During  the  first  hour 
after gelation, gelled extract liquifies in  5  15  min 
after cooling to 0~C.  Three cycles of gelation  and 
liquification have been carried out successfully on 
a  single  sample.  The gelled extract has  properties 
of a  weak  solid,  as  it  fractures  into  chunks  when 
stirred or strongly agitated.  If the extract is stirred 
during  warming  to  room  temperature,  a  white 
precipitate forms, rather than a gel. Consequently, 
viscometry  and  flow  birefringence  are  not  useful 
for following the course of gel formation. 
TURBIMETRIC  ASSAY  FOR  GELATION 
AND  A  QUANTITATIVE  ANALYSIS  OF 
TEMPERATURE  DEPENDENCE:  The  gelled 
extract  has  a  slightly  greater  turbidity  than  the 
liquid extract,  so that the formation of the gel can 
be  followed by monitoring  absorption  at  330-360 
nm  (Fig.  2).  The longer wavelength is preferable, 
because absorption changes due to oxidation or re- 
duction  of  nicotinamide  nucleotides  are  mini- 
mized.  When the cold extract  is placed in a  warm 
cuvette, there is an increase in absorption, the rate 
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FIGURE 2  Turbidity  changes  of  extract  warmed  to 
30.2"C. Absorbance of the extract is monitored after the 
addition  of  0.7  ml  of  ice-cold  extract  to  a  cuvette 
prewarmed to 30.2~  The upper curve has an expanded 
time scale  to  show  the first  phase  of the  reaction.  An 
extract gels in about  1 min at this temperature. 
of change  of which  decays exponentially (Figs.  2 
and  3).  There  is a  parallel increase  in  right-angle 
light scattering. The source of the turbidity change 
is not  known,  although  it is temporally  related to 
the  gel  formation.  If one assumes  that  the extent 
of gel formation is proportional to the absorbance 
change, the formation  of the gel at 25~  approxi- 
mates  a  first  order  reaction  during  the  initial 
80-90%  of  the  turbidity  change;  thereafter  the 
rate  increases  slightly,  probably  due  to  warming 
(Fig. 3). 2 
The rate of the turbidity change and the gelation 
time  are  temperature  dependent;  thus the solidifi- 
cation of the extract takes less than  I rain at 35~ 
and requires 4-6 h at 0~  Since the gelation of the 
2The  temperature  of  the  ice-cold  sample  does  not 
immediately  reach  that  of the  cuvette and  the  sample 
compartment. For example, with the cuvette at 33~  the 
temperature of an ice-cold sample jumps to 23~  within 
5 s and  then  increases  at an exponentially decaying rate 
to 33~  over a period of about 4 min. Consequently, the 
temperature of the sample would increase  slightly during 
the  gelling  phase,  which  takes  about  30-40  s  at  this 
temperature, and the actual temperature of the extract is 
lower than the temperature of the cuvette. 
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ing its temperature to 0~  the gel which  forms 
after  many  hours  at  0~  must  differ  in  some 
unknown way from the gel which  forms at higher 
temperatures. 
The data  for turbidity changes at cuvette tem- 
peratures between 20 ~ and 35~  indicate apparent 
first-order rate constants dependent upon tempera- 
ture  (Fig.  3).  A  linear  Arrhenius  plot  yields  a 
calculated activation energy of about 22 kcal per 
mol. This is probably a  minimum value, because 
the  sample temperature  is  somewhat lower than 
the cuvette temperature, especially at higher tem- 
peratures. Nonetheless, this estimated high activa- 
tion  energy  indicates a  very  strong  temperature 
dependence for the gelation reaction￿9 This will be 
examined  in  more  detail  in  future  studies.  At 
temperatures  below  20~  the  initial  turbidity 
change does not plateau before the secondary rise 
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FIGURE 3  Temperature dependence  of extract turbidity 
changes. At time zero 0.7 ml samples of ice-cold extract 
were added to cuvettes prewarmed to 24~  (t-'l), 30.2oC 
(O),  or  33~  (O), and  absorbance  monitored.  The 
absorbance  at  each time  point,  less the  absorbance 
plateau at the end of the initial rapid change in absorb- 
ance,  is plotted in arbitrary  units on a log scale. The 
linear part of each curve is drawn with a solid line. 
in turbidity attributed to contraction (see below). 
Since  this  complicates  the  analysis  of  gelation 
kinetics, they have not been studied quantitatively 
at these temperatures￿9 
ION  REQUIREMENTS:  All  of  the  ions  and 
small organic molecules required for gelation of 
the  cold  crude  extract  are  contained in  the  ex- 
tract.  The effects  of adding KC1  or CaCI~ have 
been  examined.  Although  the  addition  of  KCI 
increases the extent of the temperature-dependent 
turbidity change  in  proportion  to  the  final KCI 
concentration, the addition of more than 50-100 
mmole/liter prevents gel formation. The addition 
of CaCI2  to the  cold crude extract  is considered 
below. 
To determine which ions are important for gel 
formation,  samples  of extract  were  desalted  on 
Sephadex G-25 fine columns equilibrated with 0.34 
M  sucrose,  10 mM imidazole pH  7,  1 mM  DDT 
with or without 0.5  mM EGTA. The influence of 
KCI,  MgCIj, CaCI~,  and ATP upon gelation are 
described semiquantitatively in Table I. The com- 
bination of MgCla and ATP strongly stimulate gel 
formation; in their absence, gelation was slow or 
did not occur. This provides a convenient method 
for  preventing  gelation  during  storage  of  the 
desalted extract. 
MICROSCOPY:  By  light  microscopy  (Fig. 
4),  fragments of the gel are  amorphous or wrin- 
kled  phase-dense  masses  with  smooth  or  rough 
edges.  If lipid droplets or microsomal vesicles con- 
taminate the extract, they become trapped  in the 
gel.  The texture and contrast of the gel resembles 
the hyaline ectoplasm of living cells. Occasionally 
there are a  few fibrils in the preparations as well. 
Microscope  observation  through  crossed  polars 
reveals that the gel and the fibrils are birefringent 
(Figure 4 b). 
Electron  microscopy of thin sections of gelled 
extract  reveals  dispersed  fragments  of  fibrous 
material (Fig. 5 a).  Filaments are somewhat more 
evident in pellets of gelled  extract (Fig￿9 6 a),  but 
here  too  they  are  mostly  short  fragments  with 
bends and branches. 
Since there  was  biochemical evidence that  the 
gel is composed of actin (see below),  and since the 
disordered  appearance  of  the  fixed  gel  did  not 
account  for  the  strong  birefringence of  unfixed 
specimens, we studied the effects of fixation upon 
actin  filaments.  We  have  fixed  and  embedded 
pellets of pure rabbit muscle actin filaments by the 
method used for the Acanthamoeba gel and moni- 
tored  the  birefringence of  these  actin  filament 
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Ion Requirements for Gel Formation 
Time at 25~ 
Additions  15 min  1 h  2 h 
None  0  0  0 
30 mM KCI  0  0  0 
30 mM KCI, 1 mM MgCI2  0  0  0 
30 mM KCI, 1 mM ATP  +  +  + 
30mM KCI, 1 mM MgCI2, 1 mM ATP  +++  +++  +++ 
I mM ATP  0  + +  + + 
1 mM ATP, 1 mM MgCI2  +++  +++  +++ 
1 mM MgCI2  +  +  • 
1 mM ATP, 0.1 mM CaCI2  0  +  ++ 
1 mM MgC12, 1 mM ATP, 0.1  mM CaCI~  +++  +++  +++ 
30 mM  KCI,  l  mM  MgCI~,  l  mM ATP, 0.1  ++  ++  ++ 
mM CaCI2 
A 13-ml sample of extract was desalted at 4~  on a 2.5 ￿  12.5-cm column of Sephadex G-25 fine 
equilibrated with 0.34  M  sucrose,  10 mM imidazole chloride pH 7,  1 mM DTT, and 0.5 mM 
EGTA. Various additions were made to 0.4-ml samples  and gel formation at 25~  assessed by 
observation. Scale: 0, liquid; +, semisolid  gel which would pour out of an inverted  tube; ++, 
solid gel which would pour out of an inverted tube intact; and + + +, solid gel which would not 
pour out of an inverted  tube. 
pellets during fixation. In electron micrographs the 
appearance  of these  bona  fide  actin  filaments  is 
similar to that  of the gelled extract  (Fig.  6  b).  In 
addition,  we  observed a  marked  decrease  in  bire- 
fringence during  osmium  treatment  (31,  44).  The 
loss  of  birefringence  probably  corresponds  to  a 
transition  of  the  actin  filaments  from  their 
straight,  native  configuration  to  the  bent  and 
fragmented configuration of the fixed and embed- 
ded actin filaments.  In addition,  both pure muscle 
actin  (31,  44)  and  the  actin  filaments  in  the 
Acanthamoeba  gel  are  stable  during  fixation  if 
they have tropomyosin (Fig. 6 c) or muscle heavy 
meromyosin  (Fig.  6  d)  bound  to  them.  These 
experiments,  in addition to indicating the destruc- 
tion  of  actin  filaments  during  conventional  fixa- 
tion,  identify  the  filaments  composing  the 
Acanthamoeba  gel  as  actin  filaments  and  show 
that they are a major morphological component of 
the gel.  No thick  filaments are present,  but there 
are a  few microtubules  in the gel (Fig.  6 a). 
MACROMOLECULAR  COMPOSITION  OF 
TH E  GE L"  The  extract  is  composed  of  about 
60%  of the  protein  and  8%  of the  DNA  in  the 
homogenate  (Table  II). The  subunit  polypeptides 
of actin  and  myosin  can  be identified  after  poly- 
acrylamide gel electrophoresis of the extract (Fig. 
7 A). Their concentrations have been estimated by 
densitometry (Fig. 8) and are given in Table I I I. 
It  was  hoped  that  freshly  formed  gel  could  be 
separated  from soluble components  of the extract 
by  ultracentrifugation,  so that the composition  of 
the  gel  could  be  determined  directly,  but  the  gel 
does not form a compact pellet after centrifugation 
at  100,000  g  for  l  h.  Instead,  it  compresses 
somewhat so that the bottom two thirds of the tube 
consists  of a  slightly opaque  gel,  while the  upper 
third  is clear fluid. Consequently,  a  large fraction 
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pellet  of  compressed  gel,  which  makes  a  direct 
determination of its structural components impos- 
sible.  An  alternative  mode  of  analysis  is  thus 
necessary.  By  comparing  the  composition of the 
original extract  and  the composition of the clear 
supernate over the centrifugally compressed gel, it 
is possible to estimate the composition of the gel 
indirectly (Fig. 8 and Table IlL About 25% of the 
protein  sediments  with  the  gel,  a  large  part  of 
which is probably trapped and carried down nonse- 
lectively  with  the  gel.  This  is  suggested  by  the 
general  lowering  of  all  the  peaks  in  scan  8  b, 
relative to scan 8 a. Only a few of the proteins are 
sedimented selectively, and it is thought these few 
proteins are likely to be structural components of 
the gel. These include part of the actin and myosin 
and  all  of  a  high  molecular  weight  polypeptide 
(about  280,000  daltons).  The  concentrations  of 
these presumed structural components are given in 
Table  III. It is remarkable that  a  solid gel forms 
from  such  low  a  concentration  (about  0.1%)  of 
these proteins. 
If the  gelled extract  is  incubated  for  a  much 
longer time, for example for 4 h at 25~  and then 
ultracentrifuge&  three  layers  form:  an  opaque 
pellet; a  clear semi-solid layer filling the  bottom 
two thirds of the tube; and  a  clear liquid layer at 
the top.  On the basis of light microscope appear- 
ance,  it  is thought  that  the  middle layer is com- 
pressed  gel which  does not  completely sediment. 
The  opaque pellet also consists of gel fragments, 
but  it  is  heavily contaminated  with  vesicles and 
membrane  fragments  which  impart  its  opaque 
appearance.  The  opaque  pellet  comprises  about 
14% of the extract protein, but little DNA (Table 
I1).  The  main  polypeptide in  the  pellet  has  the 
electrophoretic mobility of actin  (Fig.  7  B),  but 
most of this component remains in the upper layers 
(Fig. 7  C).  In  addition to actin, there are a  large 
number of other polypeptides in the pellet, includ- 
ing a  small amount of myosin. 
Contraction of Gelled Extracts 
GENER&L  DESCRIPTION;  If  the  gelled 
extract stands at room temperature in a small con- 
FIOURE 4  Light micrographs  of fragments of gelled extract, phase contrast on the left, and polarization 
optics on the right. The inset shows Acanthamoeba at the same magnification. Calibration bars =  |0 ~m. 
POLLARD  Actin in Gelation and Contraction of Extracts of Acanthamoeba  585 FIGURE 5  Electron micrographs of thin sections of gelled extract before (a) and after (b) contraction. The 
insets show the gross appearance of similar samples. Magnification, 76,420. Calibration bar = 0. I v.m. 
tainer, the gel slowly shrinks away from the walls 
of its container to  form  a  condensed white mass 
(Figs.  1 and  5  b).  Because the volume of the gel 
may  decrease  over  80%  during this  transofrma- 
tion, I will refer to the phenomenon as a "contrac- 
tion."  The  soluble  components  which  are  ex- 
pressed  from  the  gel  during  contraction  can 
undergo  further  gelation,  because  the  contracted 
gel is sometimes surrounded by a  clear semi-solid 
layer  (Fig.  1).  In  other  cases,  the contracted  gel 
is  attached  to  the  meniscus (29)  or  sinks to  the 
bottom of the cuvette (Fig. 5 b). Grossly, this re- 
action resembles blood clot retraction, because in 
both cases soluble components are squeezed from 
a  solid gel.  In contrast,  the superprecipitation of 
actomyosin involves the condensation of fine pre- 
cipitate. 
TURBIMETR1C  ASSAY  FOR  CONTRAC- 
TION  AND  A  QUANTITATIVE  ANALYSIS 
OF  TEMPERATURE  DEPENDENCE:  The 
contraction of the gel is accompanied by a turbid- 
ity increase which can be monitored by changes in 
absorbance (Figs. 2  and 9).  After the rapid, small 
amplitude increase in turbidity during gel forma- 
tion, there is a  slower, larger increase in turbidity. 
In the 20~176  temperature range, there is typi- 
cally a  plateau in the  absorbance curve after the 
gel  forms,  followed  by  a  more  or  less  linear in- 
crease  in turbidity.  After  1 or  more hours, there 
may  be a  further increase in the rate of turbidity 
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spectrophotometer  beam  and  absorbance  drops. 
The  rate  of turbidity  change  is  very temperature 
dependent,  and  the  process  has  an  activation  en- 
ergy of about  19 kcal  per mol in the temperature 
range of 15~176 
MICROSCOPY:  By  light  microscopy  the  ap- 
pearance  of the  contracted  gel  is  very  similar  to 
that  of the gelled extract.  By electron  microscopy 
(Fig.  5  b),  the  contracted  gel  is  shown  to  consist 
of the same fibrous material as the initial gel (Fig. 
5  a),  but  to  be  arranged  more  compactly  as  ex- 
FIGURE  6  Electron micrographs of thin  sections  of (a)  a  pellet of gelled extract,  (b),  a  pellet of pure 
muscle actin filaments, (c) a pellet of extract which gelled with added  muscle tropomyosin (1.5 mg/ml) and 
MgCI2 (2.6 mM), and (d) a sample of gelled extract to which muscle heavy meromyosin (2.4 mg/ml) was 
added  before pelleting.  Note the  nonlinear  appearance  of the  filaments  in  (a)  and  (b)  and  the  linear 
appearance of the filaments in (c) and (d). Repeating arrowhead-shaped complexes are seen along some of 
the filaments in (d). The filaments in (c) have a larger diameter than the bare aetin filaments in (a) and (b). 
Magnification, 50,000. Calibration bar  =  0.1 um. 
POLLARD  Actin in Gelation and Contraction of Extracts of Acantharaoeba  587 TABLE  1I 
Fractionation of Acanthamoeba  Extract 
K +  EDTA  Ca ++ 
ATPasr  ATPasel; 
Gel 
Vol-  Sp  Sp  electro- 
Fraction*  ume  Protein  DNA  Total  act  Total  act  phoresisw 
rag~  Total  t~g/  Total 
ml  ml  mg  ml  mg 
Homogenate  274  25.6  7014  73  20.0  27.9  4.0  42.2  6.0 
Extract  182  14.6  2657  6  1.1  14.7  5.5  17.1  6.6  7 A 
4 h at 25~  pellet  21.5  17.8  383  1  0.1  0.7  1.8  8.2  21.3  7 B 
4 h supernate  148  l 1.8  1746  4  0.6  10.7  6. t  10.7  6.1  7 C 
4  h  supernate 
after  16  h  at 
25~  148  11.4  1687  --  --  10.7  6.3  5.7  3.4  7 D 
16 h supernate  135  8.5  1148  2  0.3  5.5  4.8  2.4  2.1  7 E 
16 h pellet  32  11.6  371  I 1  0.4  3.8  10.3  3.9  10.5  7 F 
Low-ionic- 
strength  ex- 
tract  of  16  h 
pellet  31  7.4  229  --  --  2.5  10.6  0.3  1.5  7 G 
Ghosts  12  12.2  146  --  --  1.7  11.6  6.2  42.3  7 H 
KI-ATP  extract 
of ghosts  10.5  7.6  80  --  --  0.9  I 1.6  4.2  53.0  12 
* 90 g of Acanthamoeba  were extracted and fractionated as described in the text. 
:1: ATPase is expressed  in total u.moles Pt per minute and nmoles Pl per minute-milligram protein. 
w  Figure reference. 
pected after a contraction. There are no thick fila- 
ments visible in these preparations. 
COMPOSITION  OF  THE  CONTRACTED 
GEL;  Electrophoretic  analysis  (Fig,  7)  reveals 
that the polypcptides in the extract are very stable 
during incubation at 25~  for periods of 20 h. The 
composition  of  the  supernate  obtained  after  4  h 
incubation (Figure 7 C) is unchanged after incuba- 
tion for an  additional  16 h  (Fig.  7  D).  Except for 
the absence of the peptides removed by centrifuga- 
tion at 4 h (Fig. 7 B), the 4-h supernate (Fig. 7 C) is 
unchanged  from  the  original  cold extract  (Fig.  7 
A),  which  was  frozen  immediately  after  it  was 
made.  Hence,  there  is  little  or  no  proteolytic 
activity in the extract as detectable by electropho- 
retic  analysis.  The  ATPase  activity  is  also  rela- 
tively  stable  during  the  long  incubation  of  the 
extract  at  25~  (Table  II).  During incubation  for 
20 h  at  25~  the inorganic phosphate  concentra- 
tion  in the extract  increases  from 2 to 6  mM  and 
ATP,  detected  semiquantitatively  by  thin-layer 
chromatography,  disappears. 
After 20 hours at 25~  the gel is contracted and 
can be isolated as a hard, white pellet by centrifu- 
gation  (35,000  or  136,000  g  for  1 h),  so  that  its 
composition  can  be  determined  directly.  This 
pellet of contracted gel contains about 20% of the 
protein  in  the  starting  material,  but  little  DNA 
(Table  I1).  The  polypeptide  compositions  of this 
pellet and  its supernate  are compared  in  Fig.  7 F 
and  E.  The  pellet  contains  virtually  all  of  the 
42,000-dalton  actin band, the 160,000-dalton myo- 
588  THE JOURNAL OF  CELL  BIOLOGY  .  VOLUME  68,  1976 FIGURE 7  Electrophoresis on 7.5% polyacrylamide gels 
in  SDS:  (A) extract;  (B)  opaque  pellet  resulting  from 
136,000 g  centrifugation of extract warmed to 25"C for 
4  h;  (C) supernate  from extract centrifuged after incu- 
bation for 4 h  at 250C (this includes  the partially com- 
pressed  gel  layer  over the  pellet);  (D)  supernate  from 
extract incubated at 250C for 4 h, after incubation for an 
additional  12 h  at 25~  (E)  136,000 g  supernate  from 
extract incubated for a total of 16 h at 25~  (F) 136,000 
g  pellet from extract incubated a total of 16 h at 25~ 
(G)  low-ionic-strength  extract  of the  16-h pellet;  and 
(H) pellet from the low-ionic-strength extract of the 16-h 
pellet ("ghosts"). Identification of bands: 280 K = actin- 
binding protein;  160 K  =  myosin heavy chain; 93 K  = 
cofactor; 70 K and 50 K are unidentified;  42 K  =  aetin; 
35  K  is unidentified.  15-20 #g of protein were applied 
to each gel. 
sin band,  and the 280,000-dalton  band.  Numerous 
unidentified  polypeptides  are  also  found  in  the 
pellet,  the  most  prominent  of which has  a  mol wt 
of  about  50,000  daltons.  Most  of  these  latter 
polypeptides  are  also  found  in  the  supernate,  so 
they could have been trapped nonspecifically in the 
pellet.  If  selective  concentration  in  the  pellet  is 
used  as the criterion  for identifying the structural 
components  of  the  contracted  gel,  then  it  is 
composed of actin, myosin, and the high molecular 
weight  polypeptide.  This  is,  of course,  the  same 
conclusion  reached  above  regarding  the composi- 
tion  of the  freshly  formed  gel.  Evidence  for  the 
presence of several other proteins in the gel will be 
considered  in  the  section  on  fractionation  of the 
contracted  gel, which  follows. 
Influence  of Calcium  Ion  on  Gelation  and 
Contraction 
Although  calcium  ions  control  the  contraction 
of muscle (13)  and  isolated  cytoplasm  of Chaos- 
chaos (46), previous studies with isolated contract- 
ile proteins from Acanthamoeba failed to produce 
any  evidence  that  Ca ++  regulated  their  activity 
(30,  35).  In  fact,  experiments  showed  that,  al- 
though  muscle  troponin-tropomyosin  could  in- 
teract with Acanthamoeba  actin (14),  it could not 
serve  as  a  calcium-modulated  regulator  of 
Acanthamoeba  myosin  and  cofactor  with  actin 
(30). Therefore, it was interesting to test the effect 
of Ca ++  on  the gelation  and  contraction  of these 
Acanthamoeba  extracts  in  the  hope  of finding  a 
previously missed  regulatory system.  Calcium has 
a  dramatic  effect on  the contraction  of the gelled 
extract! 
in  all  of the  work  described  to  this  point,  the 
extract  contained  0.67  mM  EGTA,  so  that  the 
Ca ++  concentration  was  very low during gelation 
and contraction. The concentration of Ca  ++  in the 
A55o 
Extract 
1.3 rng/ml 
]  Supernate 
J  ~  I  after sedimenting 
I  it  I  worm gel 
0.4 mg/ml  ""-LI  ~.~/~, 
26o  9~ 6'~  ~o 4'z  ~o  mo~ wt  ~  ~O  -3 
FIGURE  8  Densitometer  scans of electrophoretic  gels 
stained with Coomassie Blue. The upper scan is a sample 
of extract. The lower scan is a sample of the supernatant 
fluid  obtained by warming extract  to 25~  for  15  min 
and  then  centrifuging  at  185,000  g  for  15  min.  The 
280,000-dalton  polypeptide  is  labeled  with  a  question 
mark.  The  shaded  areas  were  used  to  calculate  the 
concentration of each component (Table Ill). 
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Protein Components of the Gel 
Protein  Extract  Supernatant  Gel 
mg/ml  mg/ml  rag/rnl 
(%)  (%)  (~) 
Total protein  12.7  9.2  3.5 
280,000-dalton  protein  0.04  (0.3)  0  (0)  0.04  (l.l) 
Mysoin  0.13  (1.0)  0.05  (0.6)  0.08  (2.3) 
Actin  1.34  (10.7)  0.38  (4.1)  0.96 (27,4) 
Other proteins  11.2  (88)  8,8  (95)  2.4 (69) 
A sample of extract was warmed to 25~  for 15 min to allow gel formation and then centrifuged 
at 180,000 g for 15 min at 25~  to compress the gel. Samples of the original extract and the clear 
supernate  over the  compressed  gel  were  analyzed  by  gel  electrophoresis  (Fig.  8)  and  the 
quantities of high mol wt 280,000-dalton  protein (labeled  with  a question mark), myosin, and 
actin estimated by densitometry of the stained  gels. The quantities of the proteins in the gel 
fraction  are  calculated  by  subtracting  their  concentrations  in  the  supernate  from  their 
concentrations in the extract. 
extract is not known precisely, because neither the 
amount of calcium contributed by the amoeba nor 
the  amount  of calcium bound  to  amoeba  compo- 
nents is known. Preliminary estimates from atomic 
adsorption  spectrometry  indicate  that  the  total 
calcium  concentration  in  the extract  is  about  0.1 
raM?  If all of this calcium were free to bind to the 
EGTA, the calcium ion concentration would be on 
the order of 10 -s M  in the routine extracts. 
When low concentrations of CaCI~ are added to 
the extract, there  is a  modest  increase  in the  rate 
and  extent  of  the  initial  temperature-dependent 
turbidity change and a pronounced acceleration of 
the secondary  turbidity change (Fig. 9).  As in the 
samples  without added  calcium, the initial turbid- 
ity  change  is  associated  with  Relation,  but  in 
contrast  to  the  samples  without  added  calcium, 
there is no overall contraction of the gel during the 
second  phase.  Instead,  the  gel  rapidly  becomes 
opaque,  and  fragments  into  small  bits  that  may 
settle to the bottom of the container (Fig.  1).  One 
is given the impression that this violent reaction is 
due to rapid contractions  which tear the gel apart. 
Characteristically,  there  is  a  short  lag  after  gela- 
tion before the sharp  increase in turbidity occurs; 
the  meaning  of this  lag  is  not  known.  The  max- 
imum  acceleration  of  the  second  phase  of  the 
turbidity  increase  occurs  with  added  calcium-to- 
3 L. Griffith. Unpublished observation. 
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FIGURE 9  Influence  of  calcium  on  the  turbidity 
changes  of  extract.  At  time  zero  0.7-ml  samples  of 
ice-cold  extract  were  added  to  cuvettes prewarmed  to 
25~  The extract contained  1.0 mM EGTA and CaCla 
was  added  to  two  of the  samples  as  indicated  by  the 
Ca:EGTA ratios next to each curve. 
EGTA ratios of 0.4 or 0.6 to  1, corresponding to 
Ca ++  concentrations  of  about  2-4  ￿  10 -7  M. 
These experiments  provide the  first evidence that 
Ca ++  may regulate motility in Acanthamoeba and 
suggest  that  its  threshold  for  activating  the  con- 
591  THE JOURNAL OF CELL BIOLOGY  .  VOLUME 68,  1976 tractile  apparatus  is  in  the  submicromolar  range, 
If CaCI~  is added  in  excess of the  EGTA concen- 
tration, the extract becomes turbid  as soon as it is 
warmed  to  room temperature,  but  it  usually  fails 
to gel. 
Fractionation  of the Isolated Gel and Identi- 
fication o  fits  Minor Protein Constituents 
By  fractionating  the  gel  isolated  from 
Acanthamoeba  extracts,  it  is  possible  to  obtain 
purified actin in high yield and to identify cofactor 
and several other polypeptides as likely gel compo- 
nents.  Most of the work on fractionation has been 
done with contracted gel, because the incompletely 
contracted  gel  does  not  form  a  compact  pellet 
during  ultracentrifugation.  The  pellets  of  con- 
tracted  gel  are  solubilized  in  two  steps:  first,  a 
low-ionic-strength  extraction  of  actin  monomers 
and  then  a  high-ionic-strength  extraction of resid- 
ual  actin  and  the  associated  proteins.  The  ex- 
tracted  proteins  can  then  be separated  from  each 
other by gel filtration. 
LOW-IONIC-STRENGTH  ACTIN  EXTRAC- 
TION  AND  PURIFICATION:  Low-ionic- 
strength  extraction  of the  contracted  gel,  with  a 
buffer  which  depolymerizes  actin,  selectively ex- 
tracts  actin  monomers from  the gel,  In 36 b,  over 
60%  of the  protein,  consisting  largely  of actin,  is 
solubilized by this  treatment  (Fig.  7  G  and Table 
If). Additional actin can  be extracted  by prolong- 
ing the extraction  at  low ionic strength.  Chroma- 
tography  of  the  low-ionic-strength  extract  on 
Sephadex  G-150  (Fig.  10),  removes  minor  con- 
FIGURE 10  Purification of Acanthamoeba actin by gel filtration at low ionic strength.  The 2.6  ￿  90-cm 
column  of  Sephadex  G-150  was  equilibrated  and  eluted  with  a  low-ionic-strength  buffer  (2  mM 
Tris-chloride pH 8, 0.2 mM ATP, 0.2 mM CaCI~, 0.5 mM DTT, 3 mM sodium azide, 40/~M phenyl methyl 
sulfonyl fluoride).  The sample was 12.5 ml of a low-ionic-strength  extract of contracted gel pellet. The curve 
is a  monitor  record of Absorbance  at  280  nm,  with  full scale  equal to  1.28. Inset: polyacrylamide gel 
electrophoresis patterns. Left ~ column sample.  Second = voided fraction (first peak). Third = 25 ~g of the 
second  peak, consisting  mainly of actin. Right  =  5 ~g of the second  peak. 
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actin which  is  at  least  95% homogeneous (Fig. 
11A). The only consistent contaminants are a faint 
band with a mol wt of about 50,000 daltons, con- 
sisting of less than 1% of the stained protein, and 
a band of variable density with a tool wt of about 
37,000  daitons.  The  latter  polypeptide  arises  de 
2 
1 
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FIGURE  ]1  Densitometer  scans  of  Coomassie  Blue- 
stained electrophoretic gels of actin purified by the two 
methods described in the text. (A) Purification by low- 
ionic-strength extraction and chromatography (Fig. 10). 
(B) Purification by K1-ATP extraction and chromatogra- 
phy at high ionic strength (Fig. 12). These samples show 
the maximum amount of contamination of these purified 
actin preparations. For example, the KI-ATP actin in 
Fig. 12 does not have the low molecular weight polypep- 
tides shown in part  (B) of this figure. In addition, the 
density of the actin bands on these gels is out of the range 
of proportionality to the amount of actin in the band, 
while the contaminants are all in the proportional range. 
novo  during  the  low-ionic-strength  extraction 
(Fig. 7 F and 7 G) and chromatography of the ac- 
tin.  It  is  thought  to  be  a  fragment of the  actin 
arising  from  bacterial  proteolysis  of  the  mono- 
meric actin. The polymerized actin remaining in 
the pellet is not fragmented by proteolysis (Fig. 7 
H). The presence of bacteria in the actin and the 
breakdown of the actin are minimized by includ- 
ing  azide  and  phenylmethylsulfonyl fluoride  in 
the  low-ionic-strength buffer.  Without  these  in- 
hibitors, more than half of the actin can be con- 
verted  to  the  37,000  dalton  component during 
extraction  and  chromatography.  A  similar con- 
taminant was noted in Acanthamoeba  actin pre- 
pared by a previous method (48, 49) which also in- 
volved gel  filtration in a  low-ionic-strength ATP 
buffer.  Muscle actin is  also  subject to  a  similar 
bacterial proteolysis under these conditions.  ~ 
COMPOSITION  AND  SOLUBILTY  OF  GEL 
~'GHOSTS":  The  material  which  is  insoluble 
after  low-ionic-strength  extraction  of  the  con- 
tracted gel looks similar to  the  fragments of the 
original gel by phase contrast microscopy, except 
that it is much less dense.  Because  of this gossa- 
mer appearance, I refer to this insoluble material 
as gel "ghosts."  Actin is the major component of 
this fraction (Fig. 7 H). It is associated with myo- 
sin  and  a  relatively small number of other poly- 
peptides.  Their identifications are considered be- 
low. 
Gel ghosts dissolve in concentrated buffers con- 
taining 0.6 M  KCI or KI; the actin and all of the 
polypeptides marked  in  Fig.  7  H  are  solubilized 
(Fig. 12 inset). The material insoluble in 0.6 M salt 
is  heterogeneous by electrophoretic analysis and 
includes a number of poorly resolved,  low molecu- 
lar weight bands. It is interesting that high-ionic- 
strength  buffers  are  required  to  solubilize  the 
myosin from the contracted gel,  because isolated 
myosin is soluble in the low-ionic-strength buffer. 
Even  after  solubilization with  0.6  M  KCI,  the 
mixture of proteins extracted from the gel ghosts 
reprecipitate when dialyzed against dilute buffers, 
suggesting that the association of myosin with the 
other components makes it insoluble at low ionic 
strength. 
FRACTIONATION  or  GEL  GHOSTS:  Ac- 
tin can be separated  from the other components 
of the gel ghosts  by solubilization with  KI-ATP 
"T.  D.  Pollard,  R.  S.  Adelstein, and  E.  Eisenberg. 
Unpublished observation. 
592  THE JOURNAL OF CELL BIOLOGY  ￿9 VOLUME 68,  1976 buffer and chromatography  on 4%  agarosr  (Fig. 
12),  a  procedure  used  previously  to  fractionate  4 
platelet  actomyosin  (36).  The  resulting  actin  is  3 
highly purified (Figs.  11  B and 12 inset). All of the 
ATPase  activity  from  the  gel ghosts  elutes  from  2 
the  column in  one peak,  along with  the  160,000- 
dalton myosin in heavy chain and associated light  x 
1  chains (Fig.  12 inset). The fractions containing the  ~  08 
93,000-dalton  band  overlap  the  myosin  peak. 
The fractions containing the 280,000-dalton poly-  O~ 
peptide have not been identified. 
IDENTIFICATION  OF  THE  MINOR  POLY- 
PEPTIDES  ASSOCIATED  WITH  ACTIN" 
Six  polypeptides  are  associated  with  actin in the  0 
gel ghosts.  On  the  basis of.this  association,  it  is  FIGURE 13 
tentatively concluded that they are bound together 
in  some  meaningful  way,  although  they  might 
simply  have  similar  solubility  properties.  The 
molecular  weights  of  these  polypeptides  have 
been  determined  by  gel  electrophoresis  with  in- 
ternal  standards  (Fig.  13)  and  are  indicated  in 
rnoeba  ABP 
hllnlo41b~  myo~n 
I  I  I  I 
cm 
Molecular weight determination of Acan- 
thamoeba  polypeptides  associated  with  the  actin  gel. 
Electrophoretic  mobility in SDS on a 5% polyacrylamide 
is plotted vs. molecular weight. The standards (Q) are sea 
urchin a-dynein (380,000 daltons, references  8 and 16), 
sea  urchin $-dynein (360,000 daltons, references  8 and 
16), rabbit muscle myosin heavy chain (200,000 daltons), 
phosphorylase-a  (95,000 daltons), bovine serum albumin 
(68,000 daltons) and rabbit muscle actin (42,000 daltons). 
The Acanthamoeba polypeptides  are marked with verti- 
cal bars. The mobility of human neutrophil actin-binding 
protein (see footnote 5), which split into a tightly spaced 
doublet, is marked with two arrowheads  on either side of 
the polypeptide  tentatively identified  as Acanthamoeba 
actin-binding protein  (ABP).  Human  spectrin  has  a 
slightly greater electrophoretic  mobility than these actin- 
binding proteins. 
FIGURE 12  Fractionation of gel proteins by gel filtra- 
tion at high  ionic strength.  The 2.6  ￿  90 cm column of 
Bio-gel A-15M (200-400 mesh) was equilibrated with 0.6 
M KCI, 20 mM Tris-chloride pH 8, I mM DTT, 0. I mM 
MgCl:,  0.1  mM  ATP, and 3  mM  sodium azide.  The 
sample was  9.5  ml of a  KI-ATP buffer extract  of gel 
ghosts  clarified  by ultracentrifugation. This sample was 
preceded  by  10  mi  of  KI-ATP  buffer.  A:,o 
(0-----0),  Ca  ++  ATPase  (O  O),  K+EDTA 
ATPase  (A...&),  KI-ATP  buffer  zone  measured 
by A.o,  ( .......  ).  Units of ATPase activity are nmoles/ 
minutes.milliliter. Inset  shows  gel  eleetrophoresis  of 
(left)  column sample,  (middle)  fraction 38,  and (right) 
fraction 54. The marked bands have tool wt of 280. 000, 
160, 000, 93, 000, 68, 000, 50, 000, and 42,000 daltons as 
shown in Fig.  13. The pair of bands at the bottom of the 
middle gel are the light chains of the myosin. 
Fig. 7.  In paragraphs which follow, a few remarks 
are made on their identity. 
The 280,O00-dalton  polypeptide  has tentatively 
been  identified  as  Acanthamoeba  actin-binding 
protein since it has several properties in common 
with the  actin-binding protein recently discovered 
by Hartwig and Stossel (19, 41) in rabbit macro- 
phages. The Acanthamoeba protein has the same 
electrophoretic  mobility  as  actin-hinding protein 
from  human neutrophils,  ~ and  it  is found associ- 
ated  with  actin  in  the  gelled  extracts  under  the 
same conditions in which the macrophage protein 
binds to actin. 
The  160,O00-dalton  polypeptide  is  the  heavy 
chain  of  Acanthamoeba  myosin  because  it  co- 
chromatographs with the ATPase activity, is asso- 
ciated with the characteristic light chains, and has 
the  appropriate  partition  coefficient.  The  differ- 
6 Kindly supplied for this comparison by L. Boxer and T. 
P. Stossei. 
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mol wt of 140,000 daltons previously reported (34) 
may be  attributable to differences in electropho- 
retie systems. The ATPase activity of Acanthamo- 
eba myosin isolated from the gel is lower than that 
purified by other methods. 
The 93,000-dalton polypeptide  is  probably the 
cofactor protein. Cofactor is required for actin to 
activate the Acanthamoeba myosin ATPase, and it 
has  been  tentatively  identified as  a  polypeptide 
with a  mol wt of about 95,000  daltons (35).  Like 
the  cofactor  activity  studied earlier,  the  93,000- 
dalton polypeptide elutes from  gel  filtration col- 
umns near the myosin (Fig.  12). 
Smaller polypeptides  with  mol  wt  of  68,000, 
50,000,  and  35,000,  are  associated  with  the  gel 
ghosts,  but  they  have  not  been  identified. Their 
selective  association  with  the  known  contractile 
proteins suggests that they may also be part of the 
Acanthamoeba  contractile  machinery;  perhaps 
they are responsible for the influence of Ca +§  on 
the contraction. 
Acanthamoeba  actin  polymerizes  more  slowly 
under these  conditions, and the  final viscosity is 
lower; the value is about 4 dl/g, as reported earlier 
for  Acanthamoeba  actin  purified  by  a  different 
method  (48).  The  lower  viscosity  of  the  Acan- 
thamoeba actin is unexplained, but the lag in the 
polymerization is likely to be due to the absence of 
nucleating fragments in the actin prepared by gel 
filtration.  Adding  a  very  low  concentration  of 
muscle actin fragments eliminates the lag period in 
Acantharnoeba  actin polymerization (Fig.  14). If 
the  muscle actin nucleates the polymerization of 
the  amoeba actin, the two types of actin must be 
capable  of  copolymerization.  Experiments  of  a 
different type have suggested that Physarum  and 
muscle actin can also copolymerize (20). 
When Acanthamoeba  actin polymerizes in the 
presence  of  1  mM  MgCI2,  it  forms  a  solid  gel 
which  will not pour from a small container like a 
cuvette, even if shaken sharply. An actin concen- 
tration of 0.7  mg/ml is sufficient to form a  firm 
gel.  In contrast, muscle actin at this concentration 
Reconstitution Experiments 
Efforts to  reconstitute the Acanthamoeba mo- 
tile apparatus in vitro from  purified components 
began  with  a  surprize:  purified  Acanthamoeba 
actin forms a solid gel when polymerized at room 
temperature in the presence of MgC12, ATP, and 
KCI.  Because  this  finding is  unprecedented, the 
polymerization of Acanthamoeba  actin has been 
studied.  Less  effort  has been put into reconstitu- 
tion  of  the  contraction  phase  and  only  limited 
success  can be reported. 
(~EL  FORMATION  BY  PURIFIED  ACAN- 
THAMOEBA  ACTIN."  All  of  the  experiments 
reported  here  were  carried  out  in the  low-ionic- 
strength buffer containing ATP and CaCI2 which 
is used for chromatography (Fig.  10). Actin puri- 
fied by gel filtration at low ionic strength was used 
in every experiment, though similar results were 
obtained with actin purified by the KI method. 
In KCI alone, Acantharnoeba  actin polymerizes 
but does not form a solid gel.  Figure 14 compares 
the polymerization of muscle and Acanthamoeba 
actin  in  KC1. As  is  well  documented  in  the 
literature (27),  muscle actin polymerizes rapidly, 
attaining a viscosity of about 11 dl/g. Polymeriza- 
tion of muscle actin begins immediately after salt 
is added, because actin prepared by polymerization 
and  depolymerization  contains  small  fragments 
which  nucleate  the  assembly  (27).  In  contrast, 
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FIGURE 14  Effect of KCI, MgCI~, and muscle actin- 
nucleating fragments on  the  polymerization of Acan- 
thamoeba actin. Temperature is 24~  Acanthamoeba 
actin was purified by the low-ionic-strength  method and 
used at a concentration of 0.74 mg/ml. At time zero, KCI 
was  added to  a  concentration of 0.1  M (O--O), or 
KC1 and MgCls were added to concentrations of 0.1  M 
and  1 mM,  respectively (0--0).  For  comparison, a 
sample of rabbit muscle actin at the same concentration 
was polymerized by the addition of KCI to 0.1 M ( .......  ). 
In  another  experiment (&--A),  KCI  to  0.1  M  was 
added to Acanthamoeba actin at time zero; after 10 rain, 
sonicated muscle actin  filaments in 0.1  M  KCI  were 
added to a concentration of 0.076 mg/ml as indicated by 
the  arrow. This  concentration of  muscle actin  would 
contribute a viscosity of 0.8 dl/g if fully polymerized. 
Therefore, at least 90% of the peak viscosity is attributa- 
ble to the polymerization of Acantharnoeba actin. 
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This difference in the two types of actin is reflected 
in their changes in viscosity (Fig. 14) and turbidity 
(Fig.  15)  during  polymerization.  The  "viscosity 
measurements" do not accurately reflect the extent 
of  polymerization,  because  the  actin  solution 
changes from a fluid to a gel, after which the flow 
time  from  the  viscometer depends  in  part  upon 
how  much  the  gel  is  fragmented  by  shearing. 
Nevertheless, viscometry has revealed some inter- 
esting  information  about  the  time-course  and 
temperature dependence of the polymerization and 
gel formation. 
The  polymerization of Acanthamoeba  actin  is 
more  rapid in  the  presence of MgCI~ than  in  its 
absence (Fig. 14), so MgCI2 may promote nucleus 
formation. MgCI2 also increases the extent of the 
viscosity  change.  The  viscosity  attained  after 
10-15  min  may  even  stop  the  flow  from  the 
viscometer. At this point unsheared samples have 
solidified. As the sample flows through the viscom- 
eter during subsequent measurements, a  fine pre- 
cipitate forms, and the viscosity drops to a  lower 
plateau. The precipitate is thought to be fragments 
of the gel arising from shearing, since no precipi- 
tate forms in unsheared samples. The fragmenta- 
tion of the gel probably accounts for the drop in 
the viscosity. 
The  time-course of the polymerization and gel 
formation can also be followed by turbidity mea- 
surements (Fig. 15). During the polymerization of 
muscle  actin  there  is  a  small  rapid  increase  in 
turbidity. When  KCI  is added to Acanthamoeba 
actin  there  is  a  slow  increase  in  its  absorbance. 
Polymerization of Acanthamoeba  actin in  MgCI2 
and  KCI  results  in  a  large,  rapid  change  in 
turbidity  during  the  time  that  it  gels.  These 
turbidity changes  associated with  the gelation of 
the  purified  Acanthamoeba  actin  are  similar in 
amplitude  but  slower  than  the  turbidity changes 
accompanying the gelation of the extract (Fig. 2). 
The  purified  actin  gel  consists  of  sheets  and 
bundles  of actin  filaments.  By  light  microscopy 
there are variable proportions of birefringent tac- 
toids and birefringent hyaline sheets (Fig. 16). The 
hyaline sheets  are morphologically similar to the 
gel fragments observed in the extract. By electron 
microscopy,  the  tactoids  are  bundles  of  actin 
filaments. There are also free actin filaments.  In 
one  experiment,  the  proportions  of  individual 
filaments  and  large  aggregates  was  found  to  be 
about 35%  and 65%,  respectively. The aggregates 
were  pelleted by centrifugation at 6,000 g  for  15 
Minutes 
FIGURE  15  Turbidity changes  of Acanthamoeba  and 
muscle actin during polymerization. Acanthamoeba actin 
was purified  by the low-ionic-strength method  and was 
used at a concentration  of 0.74 mg/ml. Muscle actin was 
used at the same concentration.  Samples of monomeric 
actin  were preequilibrated  in  cuvettes  at  25~  and 
polymerization initiated by the addition of KCI to 0.1 M 
with  or  without  MgCla  to  1 mM,  as  indicated.  The 
Acanthamoeba actin with KCI and MgCI~ formed a solid 
gel within 15 min. 
min, leaving free actin filaments in the supernate. 
Both fractions had the same polypeptide composi- 
tion,  so  that  none  of  the  minor  contaminants 
discussed  above were  specifically associated with 
the aggregates. 
The strong effect of temperature on the polym- 
erization  and  gelation of Acanthamoeba  actin  is 
illustrated  in  Fig.  17.  One  sample  of actin  was 
polymerized at  23~  with  MgCI2.  It  rapidly in- 
creased in viscosity and gelled. An identical sample 
was treated in the same way at 4~  It polymerized 
slowly after a long lag of about 2 h. A third sample 
was  incubated  at  4~  for  40  min;  when  it  was 
shifted  to  23~  it polymerized immediately and 
formed a  gel. Thus,  the rate of polymerization of 
Acanthamoeba  actin is very temperature depend- 
ent like muscle actin (22).  Because the gelation of 
Acanthamoeba  actin interfered with the viscosity 
measurements, it has been impossible to assess the 
influence of temperature on the extent of polymeri- 
zation. 
RECONSTITUTION  OF  CONTRACTION: 
The  gel  formed  by  polymerizing Acanthamoeba 
actin in the presence of MgCl2 does not contract or 
undergo  the  secondary phase  of turbidity change 
associated with  the  contraction  of the  gelled ex- 
tract, so muscle myosin or Acanthamoeba myosin 
have  been  added  in  an  effort  to  reconstitute 
contraction. Addition of muscle myosin to purified 
Acanthamoeba  actin before gelation at room tem- 
perature  in  0.1  M  KCI,  l  mM  MgCl2, 0.18  mM 
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different forms have been observed, usually sheets (a and b) or tactoids (c and d). The tactoids in (c) have 
been dried on the glass slide, while the other samples are suspended in the KCI-MgCI2 buffer. Phase 
contrast (a) and (c), polarization (b) and darkfield (d) micrographs. Bar is 10 um. 
ATP,  and  0.18  mM  CaCI~  resulted  in  a  firmer 
actin gel.  After the initial turbidity change associ- 
ated with  gelation, there was rapid secondary rise 
in turbidity. There was no overall contraction or 
syneresis of fluid under these conditions, but the 
secondary increase in turbidity may reflect a small 
internal contraction. The addition of muscle heavy 
meromyosin to Acanthamoeba actin does not give 
this  secondary  rise  in  turbidity  after  gelation. 
Addition of Acanthamoeba  myosin from the  KI 
gel  filtration  column  (Fig.  12)  to  actin  before 
forming a gel with MgCI2  results in a firmer and 
somewhat more turbid actin gel, but there is not a 
secondary turbidity increase or  contraction. The 
low  ATPase activity of myosin prepared  by this 
method may have been a problem. 
DISCUSSION 
The  gelation  and  the  contraction  of  Acantha- 
moeba extract provide new information about the 
molecular basis of two important features of living 
cells:  cytoplasmic structure and cellular motility. 
The  present experiments suggest that  contractile 
proteins may have a dual role in cellular function: 
(a) they may generate the force for cellular move- 
ment, and (b) they may also serve as cytoskeletal 
elements by forming a  solid gel  in some parts of 
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in turn below. 
Motility 
The shrinkage of the gel  at  room temperature 
has been interpreted as a contraction; the volume 
of  the  solid  gel  decreases  and  fluid  is  squeezed 
from the gel  interstices. Analysis of the gel  con- 
traction has provided new information concerning 
three  important  aspects  of  the  Acanthamoeba 
contractile apparatus: (a) the involvement of myo- 
sin, actin, and cofactor in force generation; (b) the 
mode  of  association  of  myosin  with  the  other 
proteins  necessary  for  contraction;  and  (c)  the 
regulation of the contraction rate by Ca ++ . 
The selective  association of Acanthamoeba  ac- 
tin,  myosin,  and  cofactor  in  the  contracted  gel 
supports  previous data  on  the  properties  of  the 
proteins (34, 35, 48, 49) which have indicated that 
they  are  the  motility  proteins  of  the  cell.  An 
interesting aspect  of the gel contraction is that it 
occurs in the apparent absence of a conventional, 
high-molecular-weight myosin.  Thus  the  "mini- 
myosin," which  is the only ATPase bound to the 
gel, may be capable of generating the force for the 
contraction of the gel. Although this small myosin 
molecule  can  cross-link  actin  filaments in  vitro 
(35),  it does not form bipolar filaments and must 
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FIGURE 17  Influence of temperature on the polymcriza- 
tion of Acanthamoeba  actin. The actin was purified by 
the low-ionic-strength method and used at a concentra- 
tion of 0.74 mg/ml.  At time zero, polymerization was 
initiated by the addition of KCI to 0.1 M and MgCI~  to 1 
mM.  One  sample (0--0)  was  at  23"C throughout. 
A  second sample (O ..... O)  was  a  4"C  throughout. 
The third sample (A--&) was at 4~  for 38 rain and 
then was rapidly warmed to 23"C (arrow). 
therefore  use  an  unconventional mechanism  to 
generate  contractile  force.  In  this  regard,  the 
discovery  that  the  solubility  properties  of  the 
Acanthamoeba  myosin are altered in the presence 
of  the  components  comprising  the  gel  ghost  is 
particularly important. In vivo a number of myo- 
sin  molecules  might  be  associated  with  other 
proteins to  form a  multisubunit force generating 
unit. If this is true, it would explain the failure to 
reconstitute gel  contraction from  purified  actin, 
Acanthamoeba  myosin, and cofactor. 
Another  new  feature  of  the  Acanthamoeba 
contractile  apparatus  revealed  in  these  experi- 
ments is that calcium may regulate the rate of its 
contraction. Slight variations of calcium ion con- 
centration in the submicromolar range have a pro- 
found  influence  on  the  contraction  of  the  gel. 
At  about  10 -8  M  Ca ++  there  is  a  slow  overall 
contraction  of  the  gel.  At  about  2  ￿  10 -~  M 
Ca ++  the  gel  fragments  rapidly  due  to  what 
appears  to  be violent contractions.  It  was previ- 
ously known from the work  of Taylor et al.  (46) 
that  Ca ++  concentration determines the  rate  of 
contraction  of  isolated  Chaos-chaos  cytoplasm; 
the extension of this concept to Acanthamoeba  is 
important because of the unusual properties of the 
Acanthamoeba  myosin and because earlier experi- 
ments  suggested  that  its  interaction  with  actin 
might not be controlled by Ca ++ (30). The identity 
of  the  Acanthamoeba  calcium  receptor  is  un- 
known, but it may be one of the proteins bound to 
the  contracted  gel.  Whatever  its  nature, it  must 
have a very high affinity for Ca  ++, since Ca ++ has 
its  effect  on  contraction at  such  low  concentra- 
tions. 
Cytoplasmic  Structure 
The  present  results  support  the  concept  that 
cellular  contractile  proteins  have  an  important 
cytoskeletal function by virtue of their ability to 
form  a  solid gel.  Although  Pollard and  lto  (32) 
were the first to suggest that the reversible polym- 
erization of actin might influence the consistency 
of cytoplasm, the idea that cytoplasmic structure 
and motility might have a common basis is 14l-yr 
old.  As  discussed  by  Allen (1)  in  his  review  of 
amoeboid movement, the early cytologist Dujardin 
believed (in 1835) that all cells were composed of a 
material called  "sarcode,"  which  possessed  both 
structural and contractile properties. Dujardin was 
right! 
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biological research, the "structure of living proto- 
plasm" was a  popular area of investigation which 
reached its height during the  1930's, when it was 
established  that  cytoplasm  is  a  dynamic  thixo- 
tropic  gel  (see  reference  23  for  review).  Early 
scientists had no information about the molecular 
basis  of cytoplasmic structure,  but  they  devised 
clever experiments on  whole living cells (usually 
giant amoebae or marine eggs) which showed that 
cytoplasm has a gel-like consistency. It was appre- 
ciated that this gel is unevenly distributed in some 
cells;  it  is  found  primarily  in  the  ectoplasm  of 
amoebae (1,  26), for example. Efforts were made 
to measure the viscosity of the cytoplasmic gel by a 
number  of methods,  and  the  results,  while  they 
varied,  indicated  that  the  consistency  of  some 
regions of cytoplasm is very high (see reference 1 
for review). 
Although the cytoplasmic gel is very strong, it is 
also  labile. The  cytoplasm  of giant  amoebae  is 
cyclically converted from a  high consistency form 
to  a  low  consistency  form  and  back  again  as it 
moves (1,  26).  The gel appears to be thixotropic, 
since cells round up and their cytoplasmic consist- 
ency  decreases  when  they  are  agitated  (3),  al- 
though  the mechanical stimulation might not  act 
directly on the gel. Since cells round up and their 
cytoplasmic gel is liquified by high pressure or low 
temperature,  gel  formation  is  an  endothermic 
process which is accompanied by a positive volume 
change (24). These properties of cytoplasm are not 
unique  to  amoebae  and  marine  eggs;  Crick  and 
Hughes (12) showed that cultured chick cell cyto- 
plasm  is  a  thixotropic  gel  with  slight  elastic 
properties. 
Movement of cells is apparently dependent upon 
the presence of gelled cytoplasm, since treatments 
which destroy cytoplasmic structure, such as low 
temperature, high pressure, and mechanical stimu- 
lation (see for example a fascinating experiment of 
Griffin  and  Allen described in  reference  1),  also 
stop  movement.  One  popular  early  theory  of 
amoeboid movement  (26) even  supposed that  the 
transformation  of cytoplasm from  a  sol to  a  gel 
provided the motile force. 
Interest in cytoplasmic structure and its relation 
to motility seems to have waned in the early days 
of biological electron microscopy, perhaps because 
OsO~ fixation destroyed the structure of the cyto- 
plasmic  matrix  and  nothing  was  found  there  to 
account for the previously established properties of 
the cytoplasm. When  improved fixation methods 
revealed  microtubules  in  many  cells,  they  were 
thought  to  be  cytoskeletal  elements,  although 
some  cells  like  giant  amoeba  have  few  if  any 
microtubules to account  for the  structured  prop- 
erty  of  their  cytoplasm.  In  these  cells,  other 
structures  must  be  responsible  for  the  gel-like 
consistency of the  cytoplasm, while  in  cells with 
microtubules  there  may  be  two  complimentary 
cytoskeletal systems. 
The first information on the molecular basis of 
cytoplasmic  gels  came  from  work  with  motile 
cytoplasmic  extracts  of  giant  amoebae,  which 
showed that contractile proteins may influence the 
consistency  of  cytoplasm.  Two  general  mech- 
anisms of action were  proposed.  Pollard and  Ito 
(32) thought that the assembly and disassembly of 
actin filaments might control cytoplasmic consist- 
ency. Their correlation of actin filament assembly 
with  viscosity  increases  in  extracts  of Amoeba 
proteus  and  their discovery that  these  actin fila- 
ments were cold labile accounted for some of the 
previously  established  properties  of  cytoplasm. 
Taylor et  al.  (46)  suggested that  the  association 
and  dissociation  of  actin  and  myosin  filaments 
might  control  cytoplasmic consistency,  and  they 
showed  that  variation  of  the  concentrations  of 
Ca ++  and ATP could regulate these interactions. 
The present experiments with Acanthamoeba  and 
the  recent  reports  on  sea  urchin  eggs  (21)  and 
macrophages (42) show that the gelation phenome- 
non  is  widespread  and  suggest  that  both  the 
assembly  and  the  association  of actin  filaments 
may  influence  cytoplasmic consistency, although 
the molecules involved may differ from cell to cell. 
It is thought that the formation of the gel in the 
Acanthamoeba extract corresponds to the assem- 
bly  of the  amoeba's  motile  apparatus  from  dis- 
persed, soluble components and that the reaction is 
due to the polymerization and association of actin 
filaments. Actin is the major component of the gel 
which forms in the extract, but the actin filaments 
must be bound to each other in some way to form a 
solid  gel.  The  mechanism  of this  interaction  is 
incompletely  understood.  Since  purified  Acan- 
thamoeba  actin  alone  forms  a  solid  gel  when 
polymerized in  the presence of MgCI~ and ATP, 
these  actin  filaments  may  bind  directly to  each 
other,  although  a  minor  contaminant  protein 
might be involved. Whatever the mechanism, it is 
not inhibited by added tropomyosin. 
Gel  formation  by  purified  actin  has  not  been 
found  in  another  system.  Muscle actin filaments 
have a  slight tendency to form a weak network in 
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shear forces (25).  Other investigators have shown 
that proteins bound to actin are necessary for gel 
formation.  Heavy  meromyosin  (10)  or  alpha- 
actinin (25)  enhance the gelation of muscle actin 
filaments. Kane (21)  finds both a  high molecular 
weight and a 58,000-dalton protein in association 
with actin in the gelled extract of sea urchin eggs, 
and Stossel and Hartwig (42) have evidence that a 
high-molecular-weight, actin-binding protein pro- 
motes  the  gelation  of  purified  macrophage  or 
muscle actin. 
Thus, although it is generally found that actin is 
the major structural component of gels in cytoplas- 
mic extracts,  various cells seem  to have different 
ways of cross-linking the actin filaments. Each cell 
may actually use  several mechanisms to stabilize 
its  cytoplasmic gel.  In Acanthamoeba,  a  special 
property of the actin is important, but in addition, 
any or all of the proteins selectively associated with 
the  actin  filaments in the  gel  may contribute to 
stabilizing its structure, especially the myosin and 
the  protein tentatively identified as  actin-binding 
protein. 
At the present time only temperature, ATP, and 
MgCI~ have been identified as potential regulators 
of gel formation, but it is clear that other regula- 
tory mechanisms must exist to control the dynamic 
state  of  the  gel  inside the  cell.  The  rate  of gel 
formation is very temperature dependent, but the 
influence of temperature  on  the  equilibrium  be- 
tween the gel  and its precursors is complex. Two 
observations indicate that there is a highly temper- 
ature-dependent  equilibrium between  precursors 
and gel:  (a) the gel components are soluble in the 
cold during extraction; and (b) the gel which forms 
at 25~  can initially be liquified by cooling. On the 
other  hand,  the  gel  becomes  refractory  to  cold 
liquification upon aging, and, given sufficient time, 
the extract will gel even at 0~  The explanation of 
these observations is not known, but they indicate 
that  the  extract  must  be  modified  in  some  way 
during aging; this allows it to gel in the cold. Thus, 
there  must  be  factors  in the  cell which  regulate 
gelation and which remain to be identified. 
Recent  morphological  evidence  supports  the 
concept of a  structural actin filament network in 
the cytoplasm. Comly (1 I) found numerous actin 
filaments in the ectoplasm of glycerinated Chaos 
treated  with  heavy meromyosin. Electron micro- 
scope studies of whole cultured cells by Buckley (7) 
show  a  filamentous network throughout the cyto- 
plasm.  Although  these  filaments have  not  been 
positively identified as actin, their interconnected 
structure  is  suggestive of  a  supportive gel.  This 
actin  filament  cytoskeleton  may  not  have  been 
fully  appreciated  in  conventional thin-sectioned 
material because actin filaments may be distorted 
during fixation (44). This impression is confirmed 
by  the  elaborate  network  of  straight  actin- 
tropomyosin  filaments  found  in  the  cortex  and 
permeating the cytoplasm of Acanthamoeba after 
glycerination in the presence of tropomyosin (31). 
Hopefully, improved fixation procedures will  re- 
veal the true extent of these cytoskeletal elements 
in intact cells. 
The author would like to thank  Bob Kane for sharing 
with him his findings on sea urchin egg actin which led 
directly to  these experiments with Acanthamoeba  ex- 
tracts, Tom Stossel for a number of stimulating discus- 
sions as we carried out, in parallel, similar experiments 
on Acanthamoeba  and vertebrate phagocytes, Pam Sza- 
mier for help with the electron microscopy, and Linda 
Griffith and the reviewers of this paper for their helpful 
criticisms. 
This  work was  supported  by  U.  S.  Public  Health 
Service research grant GM-19654 and Research Career 
Development Award GM-70755. 
Preliminary  accounts  of  some of  this  work have 
appeared elsewhere (28, 29). 
Received for publication 7July 1975, and in revised form 
13 November  1975. 
REFERENCES 
1.  ALLEN, R.  D.  1961. Amoeboid movement. In The 
Cell. J.  Brachet and E. Mirsky, editors. Academic 
Press, Inc. New York. 2:135-216. 
2.  ALLEN, R.  D., J.  W. COOLEDGE, and P. J.  HALL. 
1960. Streaming in cytoplasm dissociated from the 
giant  amoeba  Chaos  chaos.  Nature  (Lond.). 
187:896-899. 
3.  ANGERER, C.  A.  1936. The effects of mechanical 
agitation on the relative viscosity of Amoeba cyto- 
plasm. J. Cell. Comp. Physiol. 8:329-345. 
4.  BAILEY, K.  1948. Tropomyosin: a new asymmetric 
protein component of the muscle fibril. Biochem. J. 
43:271-279. 
5.  BECK, R., H. HINSSEN, H. KOMNICK, W. STOCKEM, 
and K. E. WOHLFARTH-BOTTERMAN.  1970. Contrac- 
tion,  ATPase  activity  and  fine structure  of  ac- 
tomyosin  threads  from Physarum  polycephalum. 
Cytobiologie. 2:259-274. 
6.  BETTEX-GALLAND,  M.,  and E.  F.  Lf2SCHER. 1961. 
Tbrombosthenin--a  contractile protein from throm- 
bocytes. Biochim. Biophys. Acta. 49:536-547. 
7.  BUCKLEr, I. K.  1975. Three dimensional fine-struc- 
ture of cultured cells. Possible implications for cell 
POLLARD  Actin in Gelation and Contraction of Extracts of Acanthamoeba  599 motility. Tissue Cell.  7:51-72. 
8.  BURNS, R. G., and T. D. POLLARD. 1974. A dynein- 
like protein from brain. FEBS (Fed. Eur. Biochem. 
Soc.)  Lett. 40:274-280. 
9.  BURTON, K.  1956. A  study  of the conditions and 
mechanism of the diphenylamine reaction  for the 
colorimetric  estimation  of  DNA.  Biochem.  J. 
62:315-323. 
10.  CARLSON,  F. D., and A. B. FRASER. 1974. Dynamics 
of  F-actin  and  F-actin  complexes. J.  Mol.  Biol. 
89:273-281. 
1  I.  COMLY, L.  1973. Microfilaments in Chaos caroline- 
Dis. Membrane association, distribution and heavy 
meromyosin binding in the glycerinated cell. J. Cell 
Biol. 58:230-237. 
12.  CRICK, F. H. C., and A. F. W. HUGHES. 1949. The 
physical  properties  of cytoplasm.  Exp.  Cell  Res. 
1:37-80. 
13.  EBASHI, S., and  M.  ENDO. 1968. Calcium  ion  and 
muscle  contraction.  Prog.  Biophys.  Mol.  Biol. 
18:126-183. 
14.  EISENBERG,  E., and R. R. WEIHING. 1970. Effect of 
skeletal muscle native tropomyosin on the interac- 
tion of amoeba acriD with  heavy  meromyosin. Na- 
ture (LoAd.).  228:1092-1093. 
15.  FAIRBANKS, G.,  T.  L.  STECK, and  D.  F.  H.  WAL- 
LACH.  1971. Electrophoretic analysis  of the major 
polypeptides of the human erythrocyte membrane. 
Biochemistry.  10:2606-2617. 
16.  GASKIN, F.,  S.  B.  KRAMER, C.  R.  CANTOR, R.  S. 
ADELSTEIN, and M. L. SHELANSKI. 1974. A dynein- 
like  protein  associated  with  neurotubules.  FEBS 
(Fed. Eur. Biochem. Soc.). Lett. 40:281-286. 
17.  HARTREE, E.  F.  1972. Determination of protein: a 
modification of the Lowry method that gives a linear 
response. Anal. Biochem. 48:422-435. 
18.  HARTSHORNE, D., and H. MUELLER. 1969. Prepara- 
tion  of  tropomyosin  and  troponin  from  natural 
actomyosin. Biochim. Biophys. Acta.  175:301-319. 
19.  HARTWIG, J. H., and T. P. STOSSEL. 1975. Isolation 
and  properties of actin,  myosin  and  a  new  actin- 
binding protein in  rabbit alveolar macrophages. J. 
Biol. Chem. 250:5695-5705. 
20.  HATANO, S., T.  TOTSUKA, and  F.  OOSAWA. 1967. 
Polymerization of plasmodium actin.  Biochim. BiD- 
phys. Acta.  140:109-122. 
21.  KANE, R.  E.  1974. Preparation and purification of 
polymerized actin from sea  urchin  egg extracts. J. 
Cell Biol. 66:305-315. 
22.  KASAI, M.  1969. Thermodynamical aspect of G-F 
transformations of actin.  Biochim.  Biophys.  Acta. 
180:399-409. 
23.  KOPAC, i.  J.  1950. Physical properties of proto- 
plasm. Annu. Rev. Physiol. 12:7-26. 
24.  LANDAU, J.  V., A. M. ZIMMERMAN, and D.  MARS- 
LAND.  1954. Temperature-pressure experiments on 
Amoeba  proteus.  3.  Cell  Comp.  Physiol. 
44:211  232. 
25.  MARUYAMA,  K., M. KAIBARA,  and E. FUKADA. 1974. 
Rheology of F-actin. 1. Network of F-actin in solu- 
tion. Biochim. Biophys. Acta. 271:20-29. 
26.  MAST, S.  O.  1926. Structure,  movement, locomo- 
tion and stimulation in amoeba. J. Morphol. Phys- 
iol.  41:347-425. 
27.  OOSAWA,  F. and M. KASAI. 1971. AcriD. In Subunits 
in  Biological  Systems. S.  N. Timasheff and G.  D. 
Fasman, editors. Marcel Dekker, Inc., New York. 
261-322. 
28.  POLLARD, T.  D.  1975. Gelation and contraction of 
Acanthamoeba extracts. Biophys. J.  15:124. 
29.  POLLARD,  T. D. 1975. Functional implications of the 
biochemical and structural properties of cytoplasmic 
contractile proteins. In  Molecules and Ccll  move- 
ments. S.  Inou~ and R. E. Stephens, editors. Raven 
Press, New York. 259-286. 
30.  POLLARD,  T. D., E. EISENBERG, E. D. KORN, and W. 
W. KIELLEY. 1973. Inhibition of Mg-ATPase activ- 
ity  of  actin-activated  Acanthamoeba  myosin  by 
muscle  troponin-tropomyosin: implications for the 
mechanism of control of amoeba motility and mus- 
cle  contraction.  Biochem.  Biophys.  Res.  Comm. 
51:693-698. 
31.  POLLARD,  T. D., K. FUJIWARA, R. NIEDERMAN, and 
P.  MAUPIN-SZAMIER. 1976. Evidence for the role of 
cytoplasmic actin and  myosin in  cellular  structure 
and  motility.  In  Cell  Motility.  R.  Goldman,  T. 
Pollard,  and  J.  Rosenbaum, editors. Cold  Spring 
Harbor Press, Cold Spring Harbor, N. Y. In press. 
32.  POLLARD, T.  D.,  and  S.  ITO. 1970. Cytoplasmic 
filaments of Amoeba proteus.  I.  The  role  of fila- 
ments in consistency changes and movement. J. Cell 
Biol. 46:267-289. 
33.  POLLARD, T.  n., and E. D. KORN. 1971. Filaments 
of Amoeba proteus. II. Binding of heavy meromyo- 
sin by thin filaments motile cytoplasmic extracts. J. 
Cell Biol. 48:216-219. 
34.  POLLARD, T.  D.,  and  E.  D.  KORN. 1973. Acan- 
thamoeba myosin. I. Isolation from Acanthamoeba 
castellanii of an enzyme similar to muscle myosin. J. 
Biol. Chem. 248:4682-4690. 
35.  POLLARD, T.  D.,  and  E.  D.  KORN. 1973. Acan- 
thamoeba myosin. II.  Interaction with  actin and a 
new cofactor protein required for actin activation of 
Mg  ++  ATPase  activity.  J.  Biol.  Chem.  248:4691- 
4697. 
36.  POLLARD, T.  D.,  S.  M. THOMAS, and  R.  NIEDER- 
MAN. 1974. Human platelet myosin. I. Purification 
by a  rapid method applicable to other non-muscle 
cells. Anal. Biochem. 60:258-266. 
37.  POLLARD, T.  D.  and  R.  R.  WEIHING. 1974. Actin 
and  myosin  and  cell  movement.  CRC  Crit.  Rev. 
Biochem. 2:1-65. 
38.  REES, i.  K., and D.  M. YOUNG. 1967. Studies on 
the isolation and molecular properties of homogene- 
ous globular actin, d. Biol. Chem. 242:4449-4458. 
39.  SPUDtCH,  J. A., and S. WATT. 1971. The regulation 
THE  JOURNAL OF CELL BIOLOGY  ￿9 VOLUME 68,  1976 of rabbit skeletal muscle contraction. I. Biochemical 
studies  of  the  interaction  of  the  tropomyosin- 
troponin  complex  with  actin  and  the  proteolytic 
fragments of myosin. J. Biol. Chem. 246:4866-4871. 
40.  SXEPHENS, R.  E.  1975. High resolution preparative 
SDS-polyacrylamide gel electrophoresis: fluorescent 
visualization and electrophoretic elution-concentra- 
tion of protein bands. Anal. Biochem.  65:369-379. 
41.  STOSSEL, T. P., and J. HARTWIG. 1975. Interactions 
between actin, myosin and an actin-binding protein 
from  rabbit alveolar macrophages. J.  Biol.  Chem. 
250:5706-5712. 
42.  STOSSEL, T. P., and J. HARTWIG. 1976. Interactions 
of actin, myosin, and a new actin-binding protein of 
rabbit pulmonary macrophages. II. Role in cytoplas- 
mic movement and phagocytosis. J.  Cell  Biol. 68: 
602-619. 
43.  STOSSEL, T. P., and T. D. POLLARD. 1974. Myosin in 
polymorphonuclear  leukocytes.  J.  Biol.  Chem. 
248:8288-8294. 
44.  SZAMIER, P. M., T. D. POLLARD, and K. FUJIWARA. 
1975. Tropomyosin prevents the destruction of actin 
filaments by osmium. J. Cell Biol. 67:(2, Pt. 2):424 
45.  SZEm-GvoRos  A. 1951. The Chemistry of Muscle 
Contraction. Academic Press, Inc., New York. 
46.  TAYLOR, D. L., J. S. CONDEELIS, P. L. MOORE, and 
R. D. ALLEN. 1973. The contractile basis of amoe- 
bold movement. I. The chemical control of motility 
in isolated cytoplasm. J. Cell Biol. 59:378-394. 
47.  THOMPSON, C. M., and L. WOLPERT. 1963. Isolation 
of  motile  cytoplasm  from  Amoeba  proteus.  Exp. 
Cell Res. 32:156-160. 
48.  WEmING,  R.  R.,  and  E.  D.  KORN.  1971. Acan- 
thamoeba  actin. Isolation properties. Biochemistry. 
10:590-600. 
49.  WEmING,  R.  R.,  and  E.  D.  KORN.  1972. Acan- 
thamoeba  actin:  composition  of  the  peptide  that 
contains 3-methylhistidine and a  peptide that con- 
tains  ~-N-methyilysine.  Biochemistry.  11:1538- 
1543. 
50.  WOLPERT,  L.,  C.  M.  THOMPSON,  and  C.  H. 
O'NEILL.  1964. Studies on the isolated membrane 
and  cytoplasm  of  Amoeba  proteus  in  relation  of 
amoeboid movement. In  Primitive Motile Systems 
in Cell Biology.  R. D. Allen and N. Kamiya, editors. 
Academic Press, Inc., New York.  143  171. 
51.  WOODRUM, D.  T.,  S.  RICH, and  T.  D.  POLLARD. 
1974. Evidence for biased bipolar polymerization of 
actin filaments. Biol.  Bull.  147:503  504. 
52.  YOUNG, D.  M.,  S.  HIMMELFARn, and  W.  F.  HAR- 
RINGTON. 1967. The relationship of the meromyosins 
to the molecular structure of myosin. J. Biol. Chem. 
239:2822-2829. 
POLLARD  Actin in Gelation  and Contraction  of Extracts of Acanthamoeba  601 